Enhanced energy relaxation process of quantum memory coupled with a superconducting qubit 
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For quantum information processing, each physical system has a different advantage as regards implemen- 
tation and so hybrid systems that benefit from the advantage of several systems would provide a promising 
approach. One common hybrid approach involves combining a superconducting qubit as a controllable qubit 
and another quantum system with a long coherence time as a memory qubit. The use of a superconducting qubit 
gives us excellent controllability of the quantum states and the memory qubit is capable of storing information 
for a long time. It has been believed that selective coupling can be realized between a superconducting qubit 
and a memory qubit by tuning the energy splitting between them. However, we have shown that this detuning 
approach has a fundamental drawback as regards energy leakage from the memory qubit. Even if the super- 
conducting qubit is effectively separated by reasonable detuning, a non-negligible incoherent energy relaxation 
in the memory qubit occurs via residual weak coupling when the superconducting qubit is affected by severe 
dephasing. This energy transport from the memory qubit to the control qubit can be interpreted as the appear- 
ance of the anti quantum Zeno effect induced by the fluctuation in the superconducting qubit. We also discuss 
possible ways to avoid this energy relaxation process, which is feasible with existing technology. 



I. INTRODUCTION 

A superconducting qubit provides us with excellent con- 
trollability of the system for quantum information process- 
ing. Coherent manipulations of superconducting qubits have 
already been demonstrated experimentally, and actually it is 
possible to perform a single qubit rotation within a few nano 
seconds by using a resonant microwave field 1 1 1. Also, a high 
fidelity single qubit measurement has already been achieved 
with existing technology [2J. Specifically, a method using a 
Josephson Bifurcation Amplifier (JBA) |3] i4i has been used 
experimentally to perform a non-destructive measurement on 
the superconducting qubit. However, the coherence time of 
the superconducting qubit is usually relatively short where the 
typical dephasing time is of the order of a microsecond at the 
optimal point and becomes tens of nanoseconds far from the 
optimal point [Sj-JJ. 

Recently, to overcome the problem of the short coherence 
time, a hybrid approach has been suggested that one can use 
another physical system as a quantum memory. One promis- 
ing system for quantum memory is an atomic ensemble of 
electronic spins such as P-doped Si and nitrogen atoms in 
fullerene cages Cgo where the spin ensemble is coupled with 
the superconducting qubit through a microwave cavity |8 - 10). 
Magnetic coupling between a superconducting flux qubit and 
a spin ensemble such as nitrogen-vacancy centers in diamond 
can also provide such a hybrid system 1 11 , 12 1. Spin ensemble 
qubits typically have a long coherence time of, for example, 
tens of milliseconds, which is a million times longer than that 
of a superconducting qubit I8-- .1 IJ . Moreover, for the elec- 
tron spins bound to donors in silicon, coherence times can be 
as long as several seconds fT3\. It is known that a super- 
conducting qubit could potentially provide a memory qubit if 
the lifetime could be increased. The control and the measure- 
ment setup used for the superconducting qubit, however, in- 
duces decoherence, and so there is a trade off relationship be- 
tween efficient control and a long coherence time lfT4l . This 
means that, by sacrificing controllability, it would be possi- 



ble to have a much longer coherence time for a memory su- 
perconducting qubit 1 14, 15 1. By combining a superconduct- 
ing qubit with excellent controllability and another supercon- 
ducting qubit with a long coherence time, we can construct a 
hybrid system to take advantage of both characteristics. For 
example, a recent experiment coupling two superconducting 
phase qubits with a resonant cavity fT6l showed the possi- 
bility of utilizing one of the qubits for control and the other 
for memory where two phase qubits are entangled through 
the common quantum bus, namely the resonant cavity (Tl]. 
Another example is a hybrid system consisting of a super- 
conducting qubit and a microwave cavity. Strong coupling 
has been realized between the superconducting qubit and mi- 
crowave cavity [18, 19], which shows a possible application 
of a high Q cavity as a quantum memory for storing the infor- 
mation. 

However, in this paper, we point out quantitatively that 
such hybrid systems composed of a superconducting qubit 
and a memory qubit could have a potential error caused by 
unwanted energy leakage from the memory qubit. When we 
transfer the quantum information to the memory, we have to 
tune the energy of the superconducting qubit on resonance 
with the memory qubit, and then it becomes possible to swap 
the information from the controllable qubit to the memory 
qubit. Subsequently, by changing external magnetic field, we 
can detune the energy of the superconducting qubit to decou- 
ple from the memory qubit. Importantly, the superconduct- 
ing qubit is usually affected by severe dephasing ||5]|6|, and 
this induces an incoherent energy leakage from the memory 
qubit to the superconducting qubit during information stor- 
age. This energy relaxation caused by dephasing violates the 
energy conservation, and this phenomenon can be understood 
as an occurrence of anti-Zeno effect for quantum transport 
ll20l - E3l . With reasonable experimental parameters, we eval- 
uate the actual lifetime of the memory qubit, and this turns 
out to be much shorter than the previously expected lifetime 
of the memory qubits IS WTTI . We will suggest possible ways 
to avoid such an energy relaxation process, which is feasible 
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with current technology. 

The remainder of this paper is organized as follows. In Sec 
II, we review the concept of quantum Zeno and anti Zeno ef- 
fects. Sec III presents the details of our calculations to show 
how unwanted relaxation occurs in the memory qubit due to 
the instability of the detuned but weakly coupled supercon- 
ducting qubit. In Sec IV, we suggest some ways to avoid such 
relaxation by using the idea of the decoherence free subspace. 
Sec V concludes our discussion. 
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FIG. 1: Schematic of the enhanced relaxation of the memory qubit 
via imperfect decoupling from a superconducting qubit. We assume 
that the superconducting qubit is affected by decoherence while there 
is no direct coupling between the environment and the memory qubit. 
Since we can tune the energy of the superconducting qubit, it is pos- 
sible to make the energy of the superconducting qubit on resonance 
with the energy of the memory qubit to transfer the information. It 
is also possible to tune the energy of the superconducting qubit far 
from the resonance when keeping the stored information. However, 
this type of selective coupling has a significant drawback during the 
information storage in the memory qubit, as explained in the main 
text. 



II. QUANTUM ZENO AND ANTI ZENO EFFECTS 

Quantum Zeno and anti Zeno effects are fascinating phe- 
nomena predicted by quantum mechanics Il24lj26l . Let us 
summarize the quantum Zeno and anti Zeno effects. When 
an unstable excited state decays to a ground state, we can de- 
fine the survival probability it) as the population remaining 
in the excited state at time t. If this survival probability ex- 
hibits a quadratic behavior in the initial stage of the decay 
such as P^it) ~ 1 — T^t^ for Tt <^ 1, it is possible to confine 
the state to the excited level via frequent projective measure- 
ments. When we perform N projective measurements with a 
time interval t = to determine whether or not the state is 
still in the excited state, the probability of projecting the state 
in the excited level for all N measurements is calculated as 
Pit,N) ~ (1 - rV^)^ ~ 1 - r^^^. This success prob- 
ability approaches unity as the number of measurements in- 
creases. So the system is frozen and decay can be completely 
suppressed, which is called the quantum Zeno effect. On the 
other hand, if the survival probability exhibits an exponential 



decay such as Pe{t) 



the probability of confining the 



state to the excited level by performing TV measurements is 
calculated as P{t,N) = (e~^"')^ = e"^*. Here, the pro- 
jective measurements do not change the success probability. 



which means that we cannot observe quantum Zeno effect for 
such an exponential decay system. Interestingly, it is known 
that unstable systems show quadratic decay initially and ex- 
ponential decay later |27|. The temporal scale used to denote 
the crossover from quadratic to exponential decay is known as 
the jump time |28|. Therefore, to observe the quantum Zeno 
effect, it is necessary to perform projective measurements on 
a time scale shorter than the jump time. Moreover, it was pre- 
dicted that, when projective measurements are performed on 
a time scale comparable to the jump time, the decay is effec- 
tively accelerated, and this is called the anti quantum Zeno 
effect ll25l l29l . Recently, it was also predicted that the anti 
quantum Zeno effect can be induced when we perform false 
measurements ll30l . namely, the decay dynamics of the unsta- 
ble state can be enhanced by frequent measurements with an 
erroneous apparatus where the energy band of the measure- 
ment apparatus is significantly different from the energy of 
the signal emitted from the unstable state. 



III. ENHANCED ENERGY RELAXATION PROCESS 

Let us study the unexpected relaxation of the memory qubit 
in a hybrid system shown in Fig. [T| quantitatively. Although 
such relaxation behavior has been studied by EOl - ESl in an 
anti Zeno context for quantum energy transport, we introduce 
a simpler solvable model and we derive an analytical form of 
the energy relaxation time of the memory qubit. To describe 
the coupling between the superconducting qubit and the mem- 
ory qubit, we use the following Hamiltonian called the Jaynes- 
Cummings model or the Tavis-Cummings model 



H 



„(sc).(m)^ 



(1) 



where w^'*'^-' (a;'™-') denotes the energy of the superconducting 
qubit (memory qubit) and g denotes the coupling strength of 
the interaction. Note that, although we refer to a supercon- 
ducting qubit as a control system coupled with the memory in 
this paper, the analysis here can be applied to any system as 
long as the interaction with the memory device is described by 
the Jaynes-Cummings model or the Tavis-Cummings model. 
These models are of fundamental importance not only for the 
present setup but also for many variations: coupling between 
superconducting qubits 113111321 : a superconducting qubit in- 
teracting with a microwave cavity lfT6l [TTl . a superconduct- 
ing resonator coupled with a spin ensemble |33 -35|, or a su- 
perconducting flux qubit magnetically coupled with nitrogen- 
vacancy centers in diamond 1 11 1 . Since we can change the en- 
ergy of the superconducting qubit, it is possible to detune the 
energy between qubits when keeping the information stored 
in the memory. In this paper, A = — i^m denotes detuning 
during such a storage. We choose the initial state as |0)sc|l)m 
to represent the storage of the excitation in the memory qubit. 
Note that, since the Hamiltonian conserves the total number 
of the excitation, the bases taken into account are |0)sc|l)m 
and |l)sc|0)m, as long as we consider only the dephasing of 



3 



the superconducting qubit as the decoherence source. In other 
words, the state of the coupled system is always in the Hilbert 
subspace spanned by these two bases. Also, it is worth men- 
tioning that, throughout this paper, we assume that the mem- 
ory qubit is coupled only with the superconducting qubit and 
has no direct interaction with the environment. The assump- 
tion here is valid as long as the lifetime of the memory qubit 
is much longer than that of a superconducting qubit. This is 
actually true for typical memory qubits because the coherence 
time of memory qubits can be tens of milliseconds, which is 
a million times longer than that of superconducting qubits 
nn . To obtain an analytical solution of the dynamics under 
the effect of the dephasing, we adopt a simple model where 
the system is affected by the unitary operation and the deco- 
herence alternatively, so that we can obtain a recursion equa- 
tion as = £{e^^^'^ pnTG^^^)- Here, pm- denotes the 
density matrix of the system at time tit, £ denotes the de- 
phasing process, and r denotes a period during the unitary 
operation. In the limit for a small r, this simplification can be 
justified by the Trotter expansion [361 . Moreover, the effect 
of dephasing can be considered a process of measurements 
without postselection, which we refer to as a "non-selective 
measurement". For example, if a pure state a\0) + f3\l) de- 
coheres due to the dephasing, we finally obtain a mixed state 
|q;P|0)(0| + |/3p|l)(l|, which is the same state as that ob- 
tained after performing a projective measurement with respect 
to (Tz = |0)(0| — |1)(1| on the pure state and discarding the 
measurement results ||37l [38l . Therefore, our model can be 
interpreted as one where the environment "sees" the system 
frequently to degrade the quantum coherence, which provides 
us with an intuitive connection between our calculation and 
the quantum Zeno effect. When the time t is comparable to 
the dephasing time of the superconducting qubit such as 

(sc) 

T = where a is a fitting parameter of the order of unity, 

the off-diagonal terms of the density matrix become small. So 
we consider the superoperator £ to be a non-selective mea- 
surement process for removing out the off-diagonal terms as 
follows; 



£{pnr) ^ (|0)sc(0|(8)i„0p„r(|0)sc(0|«)i„.) 

+ (|l>sc(l|«)lim)p„r(|l)sc(l|«)i,„) 

= Vt'pnrV^o'^+V'r'Pnr'Pt'' (2) 



where Vq (Vi ) is the projection operator to a state |0)sc 
(|l)sc)- Under this approximation, the mixed state after per- 
forming this superoperator £ should be described as p„T- = 

Pa,nr |10)sc,m(10| + Pb,«r 1 01) sc,m (01 1 V/hsiS Pa^nr and Pb^nr 

denote the population of each state. So we obtain the recur- 



sion equations as follows: 

Pa,{n+l)r - ^^^^-^ (2^2 + A V,«r 

+ 2g^{pa,nT - Pb,nT) costly Ag'^ + A^) 

Pb,in+l)r = ^p-p^(252+AVnr 

- 2g'^{pa,nr - Pb,nT)cOSt^/4(p~T~A^). 

By solving these equations with the initial condition of Pa,o = 

and pb.o ~ 1, we obtain 

1 A2 
P^-n - 2^^"^V + A2^"^ 

where we use a rotating wave approximation such that 
cos ■\/4g2 + A^t should vanish due to the high frequency os- 
cillation. We define the effective relaxation time induced by 
this anti Zeno effect as the time at which the population of 
the excitation of the memory becomes . So we can 

calculate this effective relaxation time of the memory qubit as 

f(m) ^ a log 2 y(sc) 

log(l + 1f^) ' 

alog2.^Tf). (4) 

Here, we assumed ^ <C 1, namely, the coupling is much 
smaller than the detuning, which is appropriate for actual ex- 
periments in order to decouple the system. Although the en- 
ergy relaxation might be considered to be exponentially small 
for a large detuning, the effective relaxation time of the mem- 
ory is only quadratically dependent on detuning. Moreover, 
r}™^ is limited by the dephasing time of the superconducting 
qubit. Since a detuned superconducting qubit is strongly af- 
fected by the environment JSKT], the dephasing time of the 
superconducting qubit becomes as small as tens of nanosec- 
onds, which could lead to a severe energy leakage from the 
memory qubits. It is also worth mentioning that, even if we 
couple a microwave cavity with the memory device instead of 
the superconducting qubit 13314351 [39l l40ll . any imperfection 
of the cavity in such a coupled system will also cause similar 
energy leakage from the memory qubits. 

This kind of acceleration of the energy relaxation can be 
understood in terms of the violation of energy conservation 
caused by the dephasing process, which has been discussed 
for biology systems I20l j23l. Also, if we consider the super- 
conducting qubit as a measurement apparatus for the memory 
qubit, it would be also possible to interprete this enhanced re- 
laxation as the appearance of the anti Zeno effect induced by 
false measurements of erroneous apparatus ||30ll . The decay is 
accelerated by the difference between the energy band of the 
measurement apparatus and the energy of the signal emitted 
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from the unstable state 1*301. In our case, the detuned super- 
conducting qubit would be interpreted as the erroneous appa- 
ratus to measure the signal, namely to determine which energy 
etgenstate the memory qubit is in, so that the energy transport 
fi'om the memory qubit could be accelerated due to the imper- 
fection of the apparatus. In addition, a similar expression has 
also been used in quantum optics, and is called the scattering 
rate [41 1. For example, when we drive the Rabi oscillations 
of an unstable two-level system with a detuned light, the total 
scattering rate of light from the laser field can be also sup- 
pressed only quadratically against the detuning 141]. So it 
would be possible to interprete the enhanced relaxation rate in 
our calculation as the scattering rate of the excited population, 
although in our case the scattering is caused by the dephasing 
of the superconducting qubit. 

Regardless of the interpretation of the enhanced relaxation 
of the memory qubit, our results are of significant importance 
from a practical point of view. Since the threshold of the ac- 
ceptable error rate for achieving fault tolerant quantum com- 
putation is quite small, typically of the order of 1% ll42ll . it 
is essential to find ways to store quantum states in reliable 
memory devices isolated from the environment. However, 
our results show that the standard way to decouple the con- 
trol qubit from the memory qubit by detuning may not suffi- 
ciently suppress the noise in the stored quantum states, which 
casts a doubt on the feasibility of using memory qubit strate- 
gies for scalable quantum computation. Therefore, this result 
motivates us to find another decoupling method to protect the 
memory qubits from the noise induced by such anti Zeno re- 
laxation, which we discuss later in our paper 

It is worth mentioning that this incoherent energy relaxation 
is much more severe than the well known errors caused by the 
dispersive Hamiltonian. Without decoherence, the Hamilto- 
nian between the superconducting qubit and the memory qubit 
can be represented as a dispersive form H = ^d^z'^^ ar'f^^ for 
a large detuning 1*431 • Therefore, if we tune the superconduct- 
ing qubit so that it is on resonant with a third party system 
such as another qubit for information operations, the super- 
conducting qubit in a superposition state induces phase errors 
in the detuned memory qubit. The error rate is e ~ where 
ti is the time required for information operations on the third 
system. Fortunately, such information operations can be per- 
formed in tens of nanoseconds and so this kind of phase er- 
ror can be small. Moreover, as long as the superconducting 
qubit is detuned from any other qubits, the effect of the dis- 
persive Hamiltonian on the memory qubit can be negligible 
by polarizing the superconducting qubit into the ground state. 
These results seem to show the suitability of this scheme for 
the long-term storage of information. However, as we have 
shown above, this naive illustration is no longer valid when 
we take into account the effect of the dephasing from the en- 
vironment. In fact, incoherent energy relaxation via the anti 
Zeno effect occurs whenever the information is stored in the 
memory qubit. In spite of the fact that the memory qubit is 
assumed to retain the information for a long period, the infor- 



mation continues to leak during the storage and so the total 
error accumulation will be significant when we try to access 
the information in the memory after such a storage. 

We have obtained an analytical formula for the effective 
relaxation time of the memory qubit with some approxima- 
tion. It is possible to obtain a more rigorous result by solv- 
ing a Lindblad master equation numerically. So we adopt 
^ = —i[H, p] — ^^1-^^^ [o'i*'^'' , [o'i^'^'' , p\] as the master equation 

where p denotes a density matrix for the composed system of 
a superconducting qubit and a memory qubit. We have plotted 
the effective relaxation time of the memory qubit from the nu- 
merical solution in Fig. |2] The numerical solution shows the 
quadratic dependency of T^'"^ on the detuning, which agrees 
with the analytical result in Eq. Q. By fitting the analytical 
result with this numerical result, we obtain a = 0.500 and we 
also plot the analytical result in Fig. |2] The behavior of our 
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FIG. 2: A plot of the relaxation time of the memory qubit induced 
by the anti Zeno effect of as a function of the detuning. The discrete 
plot denotes a numerical result and the continuous line denotes an 

(sc) 

analytical result. We set parameters as T2 = 10 ns for the dephas- 
ing time of the superconducting qubit and at g/2n — 25 MHz for 
the coupling strength between the qubits. These results show that the 
relaxation time is quadratically dependent on the energy detuning. 



analytical solution matches the numerical solutions, and this 
shows the validity of our approximation. This justifies our 
interpretation that the dephasing corresponds to non-selective 
measurements and the energy relaxation in the memory qubit 
is caused by the anti Zeno effect. Surprisingly, even for a large 
detuning such as ^ ~ 50, the relaxation time is just a few mi- 
croseconds. Since a typical memory qubit is considered to 
have a long lifetime of, for example, tens of milliseconds fS}- 
,11J . this result shows that the actual relaxation time induced 
by imperfect decoupling is much shorter than previously ex- 
pected. 

A superconducting qubit can be affected by both dephas- 
ing and relaxation. To model both the dephasing and relax- 
ation on the superconducting qubit, we add a relaxation term 
to the Lindblad master equation and we adopt the following 
master equation ^ = -i[H,p] - —^[ai"'\[a'i'\p]] - 
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1 / ^ (sc) » (sc) » (sc) . (sc) - (sc) -(sc)x , rri(sc) J 

^;^{(J+ Vi V + po-V ^- ~ ^- P<^+ ) where T| de- 
notes the relaxation time of a superconducting qubit. By solv- 
ing this master equation numerically, we are able to plot the 
population decay behavior of the memory qubit as shown in 
Fig. [3] In the absence of the relaxation in the superconducting 
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FIG. 3: The population decay of the memory qubit induced by the 
anti Zeno effect as a function of a time. The coupling constant be- 
tween qubits is set at 2n x 25 MHz. From the bottom, we plot a 
numerical result with T^"'^ = 400 ns and T^"'^ = 10 ns, a numerical 
result with Tj — 10 and T{' = 00, and a numerical result with 
T^"'^ = 00 and T^""^ = 400 ns. 

qubit, the population of the memory qubit decays to half of 
the initial population while the population decays to zero un- 
der the effect of the relaxation on the superconducting qubit. 
From the numerical solution, we plot f as a function of 
r2^'^'' in Fig. |4j Even for a long dephasing time and huge 
detuning such as Tg'*'^-' = 35 ns and ^ = 44, the effective 

relaxation time T}™' is around 14 /is, which is much shorter 
than the typical lifetime of the memory qubit jSHTT]. There- 
fore, our results show that the standard strategy to detune the 
superconducting qubit with the memory qubit actually fails 
due to the energy leakage from the memory qubit during the 
storage of the information. It should be noted that, since our 
model is quite general, the result here is significant for ev- 
ery hybrid system where a device having a short coherence 
time couples with a memory device, as long as the coupling 
is represented by the Jaynes-Cummings model or the Tavis- 
Cummings model. 

IV. OVERCOMING ENERGY RELAXATION PROCESS BY 
USING A DECOHERENCE FREE SUBSPACE 

Finally, we discuss possible solutions to the problem of the 
energy relaxation caused by the anti Zeno effect. As discussed 
in the previous section, significant dephasing of a supercon- 
ducting qubit can nullify the advantage of the long lifetime of 
the memory qubit due to the indirect relaxation, and therefore 
if we are to realize a hybrid system it is crucial that we over- 
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FIG. 4: The relaxation time of the memory qubit induced by the 
anti Zeno effect. The horizontal line denotes the dephasing time of 
the superconducting qubit. Dots correspond to numerically obtained 
data. Also, continuous lines are drawn through the points as a guide 
to the eye. We set the relaxation time of the superconducting qubit at 
rp(i'<-) _ ^gg ^j^jj jj^g coupling constant between qubits at g/2Tv = 
25 MHz. The lowest line is that where the detuning A/2n is 600 
MHz, and the other lines are where A/2tv = 800, 1000, 1200 MHz 
respectively. 



come such enhanced relaxation problems. As an example, we 
discuss how to avoid this enhanced relaxation when the mem- 
ory qubit consists of an ensemble of microscopic spins with 
a long life time. When one uses an ensemble composed of 
N i spins as a memory qubit, the excitation of the supercon- 
ducting qubit is transferred to the ensemble and stored as a 
collective mode. A state with a single collective mode in the 
ensemble is represented as \W) = Y^i=i ^^+\ ii • • • i) 

where a'^^ denotes the raising operator of a spin and | |) 
denotes the ground state of a single spin. This strategy of 
utilizing the spin ensemble directly coupled with the super- 
conducting qubit as a memory is suggested theoretically in 
ifTTIl . However, if we adopt their strategy straightforwardly, 
the memory ensemble will suffer from the relaxation induced 
by the anti quantum Zeno effect as we have discussed. So 
our purpose here is to decouple this excitation in the ensem- 
ble from the superconducting qubit. To achieve this, we can 
apply a spatial magnetic field gradient ^ (T/m) with some 
time duration to the state \ W) of the ensemble so that we ob- 
tain the state \W0) = J2f=i e^'^'a^^l U • • • i). Here, we 
have 9 — r^j^Ax where ii denotes the magnetic moment 
of the spin, r denotes application time of such a field gradi- 
ent, and Aa; denotes the distance between the spins. Since 
we have {W\Wg) = ^ E^Ii e'"', the state \Wg) becomes 
orthogonal with the state \W) for ON — 2tt, and there- 
fore we can decouple the ensemble from the superconduct- 
ing qubit. For reasonable parameters such as 27r x 28 GHz/T 
for the Zeeman splitting and NAx = 20 /im for the ensem- 
ble length, we need a field gradient 10 T/m to achieve the 
orthogonal state in hundreds of nanoseconds. This idea of 
applying a field gradient was developed in the field of holo- 
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graphic quantum computation for different purposes Il39ll40l . 
In holographic quantum computation, we utiUze a hybrid sys- 
tem composed of a superconducting qubit, a spin ensemble, 
and a microwave cavity. A field gradient will be applied to 
transfer the collective excitation of the ensemble to another 
spin wave mode so that we can store many qubits in one en- 
semble. However, the effect of relaxation enhanced by the 
anti Zeno effect, in other words, indirect relaxation caused 
by the imperfect decoupling, has not been discussed in pre- 
vious research. We use the technique to apply a field gradi- 
ent for the efficient decoupling of the superconducting qubit 
from the spin ensemble so that a long time storage of quantum 
states should be possible in the memory. Although we have 
mentioned a solution for the spin ensemble memory here, the 
basic idea could be applied to many other systems. We dis- 
cuss this point briefly, although the details will be published 
elsewhere. As the quantum memory, one can use multiple 
memory qubits collectively coupled with the control super- 
conducting qubit. It becomes possible to make a decoher- 
ence free subspace [44 1 against the interaction from the con- 
trol qubit as follows: The Hamiltonian between the control 
superconducting qubit and memory qubits would be _ff = 
i/f ^ + H^f^ + i/^'"') + i/j^^'"" + i/f where we have 
^0) ^ ^ai'^ndH^/^''^ = g{a^^^a^_^^+a^_!^a^:^^). An exci- 
tation of the control superconducting qubit can be transferred 
into the collective excitation on the memory qubits such as 
^ ( 1 1 ) m 1 ,m2 + 1 1 0) ml ,m2 ) ■ By performing a local phase flip on 

one of the memory qubits, we have ^ (|01) ml,m2 

1 10) 

ml,m2 )■> 

which is completely orthogonal to the previous state and de- 
coupled from the controllable qubit. In other words, this state 
is in the decoherence free subspace for the indirect relaxation. 
Therefore, the memory qubit is immune to the energy leakage 
induced by the quantum anti Zeno effect. So this decoupling 
using a decoherence free subspace is much more robust than 
the traditional way of decoupling the system by detuning. Re- 
cently, the coherent control of three qubits and the generation 
of an entanglement between them have been demonstrated by 
using superconducting qubits lfT6l 131] l45l . and therefore our 
suggestion here is feasible even with current technology. 



V. CONCLUSION 

In conclusion, we have studied the indirect energy relax- 
ation in a hybrid system consisting of a superconducting qubit 
and a memory qubit. Even if we employ the detuning be- 
tween a memory qubit and a superconducting qubit to decou- 
ple them, the dephasing of the superconducting qubit could 
significantly affect the coherence of the memory qubit. The 
violation of the energy conservation law due to dephasing of 
the superconducting qubit induces an incoherent energy leak- 
age from the memory, which leads to a significant degradation 
in the lifetime of the quantum memory. This can be inter- 
preted as a manifestation of the quantum anti Zeno effect. If 
this indirect relaxation is inevitable, a hybrid scheme with a 



superconducting qubit would not be promising unless we can 
succeed in making the coherence time of the superconduct- 
ing qubit longer than the present value. However, we can find 
a possible solution to this problem, for example, via decou- 
pling from the superconducting qubit using a decoherence free 
subspace for the memory qubits. Our model is quite general, 
and therefore the results reported here can be applied to many 
systems. We thank K Semba, B. Munro, X. Zhu, K. Fujii, 
S. Saito, H. Tanji, and K. Kakuyanagi for useful discussions. 
This work is partially supported by KAKENHI (Grant-in- Aid 
for Scientific Research A 22241025). 
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